The reuse of greywater (GW) is an attractive addition to water management options. One of the major concerns limiting GW reuse is the possible presence of harmful microorganisms. In addition to total coliform organisms, enteric organisms (Salmonella, Shigella and poliovirus Type 1 Cryptosporidium, Giardia) and opportunistic pathogens ( Staphylococcus aureus and Pseudomonas aeruginosa) may be present in GW. Recently, researchers at Ben Gurion University have developed a new small-scale, decentralized greywater treatment system, the Recycling Vertical Flow Constructed Wetland. The population dynamics of E. coli, Staph. aureus and Ps. aeruginosa in three different synthetic GWs formulated to reflect the variable composition of domestic GW were examined in this treatment system. E. coli, Staph. aureus, and Ps. spp. were present in samples from all of the systems at the beginning of each treatment cycle. Control studies indicated that the concentration of E. coli changed by less than 2% in untreated samples of GW over 3 days. In the RVFCW, E. coli was reduced to concentrations below detection (<1 CFU (100ml) -1 ) at the end of the treatment cycle. (2-3 d) and therefore, consistently resulted in E. coli levels that meet the USEPA standards for water reuse (USEPA, 2004) Removal of Staph aureus varied depending on the formulation of GW while there was no significant change in the number of Ps. spp. in any of the GW formulations. Thus, both of these opportunistic pathogens could be found in treated effluent in the absence of E. coli. These results underscore the need for extensive microbiological monitoring of greywater systems as well as the need for the development of greywater specific standards.
INTRODUCTION
With shrinking global freshwater resources, there is a need to shift the fundamental paradigm of water management to water reuse. Interest in the reuse of freshwater for non-potable uses is not limited to countries with dry climates such as those in the Mediterranean region, the Middle East, and Northern Africa. European countries with high population densities such as Belgium, Greywater (GW) is usually defined as all of the wastewater produced in a household except toilet wastes (blackwater). Typically, this includes wastes from bathroom sinks, baths, and showers and may also include wastes from laundry facilities and dishwashers. Some definitions include wastes from kitchen sinks although there is no consensus (Queensland Government, 2003) . Traditionally, in centralized wastewater systems, greywater and blackwater from domestic sources are treated as a single combined waste stream. In areas with centralized wastewater treatment, GW is simply added to domestic sewage, treated at a central facility, and then discharged at a site removed from where is was generated. Similarly, in areas with traditional decentralized systems such as on lot septic systems, greywater is composited with domestic sewage into a single waste stream. Greywater, however, differs significantly from blackwater. While GW can have an organic load similar in concentration to blackwater the composition of the organic fraction is different (Jefferson, Judd, and Diaper, 2001) . A larger fraction of the organic load in GW is poorly biodegradable (soaps, greases, etc.) giving GW a higer COD:BOD ratio than domestic sewage (COD:BOD ratio as high as 4:1) (Sayers, 1998; Brandes, 1978; Christova-Boal , 1996) . GW has a significantly lower concentration of inorganic nutrients (N and P) which can limit biological treatment of this material (Jefferson, et al., 2001) . Finally, both the quantity of GW generated per day and the composition of the GW fluctuates greatly depending on the geographical location, demographics and level of occupancy of the household (Jefferson, Judd, and Diaper, 2001; Olsson, Karlgren, and Tullander, 1968) . Greywater composition has been found to vary with the number and age of residents, frequency of bathing and laundry, and, in cases where kitchen waste is included as a component of greywater, the eating habits of those living in the household.
The bulk of the small systems being proposed for the treatment of greywater fall into one of three categories -physical, biological, or natural systems (Jefferson, Judd, and Diaper, 2001; Jefferson, Laine, Persons, Stevenson, andd Judd, 1999) Physical treatment systems usually involve some type of coarse filtration followed by disinfection of the filtrate (Costner, 1990) . BOD removal between 60 and 80% and turbidity removal between 30 and 99% (NTU reduction) have been reported for physical systems. Biological treatment systems include rotating biological contactors and membrane bioreactors. These systems are not usually capable of treating GW to an acceptable level for reuse without the addition of a physical system to retain the biomass. While these combined systems can produce an excellent quality effluent, they are complex systems requiring routine maintenance and tend to be too expensive for use by a single household. Natural treatment systems which depend on soil infiltration and/or nutrient uptake by plants to remove contaminants. These systems have been reported to have excellent BOD removal (95 -100%). Removal of bacteria (coliforms) using natural systems in highly variable ranging from 2 to 6 log reductions (Fittschen and Niemcynowicz, 1997; Gauther , 2000) One of the major concerns limiting GW reuse is the possible presence of pathogens. Activities such as hand washing, washing of diapers, as well as preparation of uncooked vegetables and meat may introduce bacteria into greywater (Burrows et al., 1991) . Observations regarding bacteria in greywater vary greatly between different studies. While some of these differences can be attributed to different detection methods a major source is the tremendous variability found in the composition of greywater.
The focus of most microbiological analysis has been on fecal pollution and enteric pathogens. Rose et al. (1991) reported total coliform concentrations in greywater ranged from 10 4 -10 6 CFU (100 mL) -1 . Cassanova et al. (2001) found higher concentrations and reported a mean of 8.03 X 10 7 CFU (100 ml) -1 in their study of greywater. On the other hand, Siegrist et al. (1976) found total coliforms in the range of 10 1 -10 4 CFU (100 ml) -1 and Burrows et al. (1991) reported concentrations as low as 85 CFU (100 ml) -1 (range 85-890,000) in a study of laundry greywater. In addition to total coliform organisms, enteric pathogens such as Salmonella, Shigella and Poliovirus Type 1 have all been reported to be present in greywater and concerns about the potential for re-growth or persistence of these organism has been raised (Rose et al., 1991) . Environmental strains of Legionella were observed in three raw greywater samples analyzed for pathogens, as were Cryptosporidium, Giardia and faecal enterococci (Birks et al., 2004) .
In addition to enteric pathogens, there are several human-associated opportunistic pathogens, such as Staphylococcus aureus and Pseudomonas aeruginosa, in greywater. In recent years, Staph. aureus has been recognized as the cause of community-associated infections. Outbreaks of Staph. aureus have been associated with a variety of contact sports such as football (Begier et al, 2004) , wrestling (Lindenmayer et al, 1998) , and rugby (Stacey et al, 1998) . In addition, swimmers and others involved in water contact sports are at increased risk of Staph. aureus infection.
Pseudomonas aeruginosa is ubiquitous being widely distributed in aquatic and terrestrial habitats. It can be found in the gut of many warm-blooded mammals, although it is not a dominant member of the intestinal microbiota. It is even able to proliferate in distilled water. Concentrations of Ps. aeruginosa in sewage may exceed 10 5 CFU (100 mL) -1 (Howard et al. 2004) . While usually not a significant risk to healthy individuals, Ps. aeruginosa has been associated with cases of folliculitis, dermatitis, and ear and urinary infections. In addition, it causes 10-11% of all nosocomial infections in hospitals and has the highest fatality rate of all hospital-acquired bacteremias (Ayi and Dworzack, 2004) .
METHODOLOGY
Microcosm RVFCW systems (Figures 1 and 2) were constructed using two plastic containers (20 cm X 35 cm X 50 cm) with an upper "treatment container" placed over a lower "reservoir container" (Figure 1 ). Holes were punctured at even intervals in the bottom of the upper container. This allowed water from the top to flow into the bottom container. The upper layer contained a layer of plastic support material on top of which had been placed a layer of Peat Moss. Coiled, perforated plastic tubing was placed immediately below the surface of the soil layer. This allowed for the even introduction of the greywater into the system. The greywater added percolated through the soil collecting in the lower container from which it was recirculated back to the upper layer and distributed via the perforated pipe. Samples were obtained via a three way valve installed in the recirculation tube. Fresh GW, which was evenly poured onto the surface of the peat, percolated through the treatment layers, and was collected in the reservoir container. From the reservoir container the GW was recirculated back to the upper layer and distributed evenly over the surface of the treatment layer via perforated tubing. Three separate formulations of synthetic greywater were used in this research. Each greywater was made by combining three waste stocks representing laundry, bath, and kitchen wastes (Table  1) and thus varied in terms of the ratio of each of three synthetic waste streams (laundry : kitchen : bath). L:K;B ratio (12:3:5) is representative of greywater in which kitchen wastes are included. The second greywater (4:6:10) reflects greywater in which the input of laundry wastes was minimized. The third (10:0:10) excluded kitchen wastes from the definition of greywater. This corresponds to the definition of greywater in the US. greywater . All of the greywater was supplemented with raw effluent from a large dining room. This effluent, which provided an inoculum of E. coli and other bacteria, was added in a small enough volume (0.001 -0.002%) not to affect the composition of the synthetic greywater.
Figure 2: RVFCW Microcosms
Greywater was replenished twice each week. This was done by removing 20 L from the reservoir of the system and replacing it with the appropriate volume of fresh greywater. The GW was added in three batches over eight hours to simulate the variable flow and composition of domestic greywater. Samples of greywater for microbiological and chemical analysis were collected at the beginning and end of each treatment cycle Synthetic greywater for addition to the treatment systems was prepared by mixing the appropriate volumes of the stock solutions. Fresh stock solutions were prepred on the day they were used. E. coli, Staph. aureus, and Ps. aeruginosa . were present in samples from all of the systems at the beginning of each treatment cycle (Table 3 ). Control studies indicated that the concentration of E. coli changed by less than 2% in untreated samples of GW over 3 days. In the RVFCW, E. coli was reduced to concentrations below detection (<1 CFU/100ml) at the end of the treatment cycle (2-3d). Treatment using this system consistently resulted in E. coli levels that meet the USEPA standards for water reuse (USEPA, 2004) . The removal of Staph. aureus varied depending on the formulation of GW while there was no significant change in the number of Ps. spp. in any of the GW formulations.
The removal of microorganisms in the RVFCW varied depending on the specific microorganism under investigation. Removal of E. coli was excellent while that of both Staph. aureus and Ps. aeruginosa was much lower, always remaining below a 99% (2 log) removal. Thus, these organisms were frequently found in treated effluent in the absence of E. coli.
DISCUSSION
The differential removal of E. coli from greywater during treatment with the RVFCW supports the need for additional microbiological indicators in monitoring the sanitary quality o9f greywater. Both Staph. aureus and Ps. spp. could be found in the majority of greywater samples in which E. coli was reduced to non-detectable levels (<1 CFU (100 ml) -1 ) and, therefore, supports research indicating that E. coli is not an adequate indicator of the microbiological quality of water.
The use of E. coli as an indicator organism is based on the assumption that the bacterial pathogens of concern are enteric organisms. While this assumption is correct for wastewater, the concentration of enteric organisms is significantly lower in greywater. Furthermore, because laundry and bath wastes are major consitituents of greywater, the possible presence of nonenteric pathogens is likely. Therefore, the use of supplemental indicators of microbiological safety such as Staph. aureus and Ps. spp. is warranted.
There are a variety of physical, chemical and biological mechanisms known to be involved in the removal and decay of bacteria in constructed wetlands. These include sedimentation, mechanical
